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Impending threats to shrubland ecosystems, posed by climate change, necessitate niche 
modeling efforts to project vegetation range shifts. However, efforts often remain unguided by 
individual-scale interspecific plant interactions. The stress gradient hypothesis posits that 
facilitation should increase in areas of high abiotic stress, only if the individuals are able to 
ameliorate the surrounding area via functional traits. The Sheep Range of Nevada was used to 
assess the role of functional traits as predictors of plant association. Larrea tridentata, Coleogyne 
ramosissima, and Artemisia nova were selected as shrubs with variable life history strategies and 
ranges in order to identify general patterns between canopy level traits concerning morphology 
and physiology to intensity of interactions. Over the observed gradient there was a predominance 
of competition, defined by reduced undershrub abundance in comparison to adjacent spaces. 
However, data suggest that interaction may not be driven specifically by macroclimate but by 
microclimate modulating traits, as observed net effects of facilitation or competition were more 
greatly impacted by composites of traits, as opposed to singular traits. Composite traits that 
parsed canopy morphology and physiology, defining plants by canopy size, leaf nutritional 
value, and resource-use efficiency were significant predictors of relative interaction intensity 
(RII) (Adj. R2 = 0.49--0.7, p < 0.01).  δ15N, was the only singular trait positively associated with RII 
when accounting for other aspects of climate and plant physiology and morphology (Adj. R2 = 
0.64, p < 0.001). Contrary to the stress gradient hypothesis, climate what not a significant 
predictor of RII when accounting for plant morphology and physiology. Over time as the 
macroclimate continues to fluctuate, above and beyond ameliorative ability, these facilitative 
interactions may shift to competition. As such, further identification of patterns of association 
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and trait characteristics will be imperative to provide suitable assessments of potential 
community dynamics shifts. 
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Chapter 1: Introduction 
In recent climate models, proposed by Blachelet et al. (2016), differing velocities of 
increasing mean temperature and increasing aridity in the Mojave Desert are expected to occur in 
the future. Climate models can be utilized to predict future stress conditions vegetative 
communities may experience in the near to distant future.  However, restoration efforts to restore 
native flora composition and community dynamics use projections with generalized ecological 
assumptions, which are limited in assessing inter- and intraspecific plant interactions and their 
responsive variation under changing stress conditions at the individual level (Gomez-Aparicio 
2009, McAlpine et al. 2016). As global projections predict an increase in conditions associated 
with plant water stress, a greater understanding of how gradients of stress currently affect plant 
communities may prove to aid in the selection of site priorities for restorative efforts (Corlett & 
Westcott 2013, Filazzola & Lortie 2014). Given that many ecosystems are in flux from the 
effects of climate change, accurate predictions pertaining to vegetative community shifts, will 
need to account for both species competition and facilitation in tandem with how net outcomes 
of such processes may be altered (Cannone & Pignatti 2014, Liancourt et al. 2017). 
Perennial plants that maintain high fitness across large geographic ranges can often 
ameliorate, or reduce the negative effects of location-specific, conditional fluctuations in 
environmental conditions (Kembel & Cahill 2011, Richardson et al. 2014). The ability of an 
individual to ameliorate the conditions of the local environment occurs via functional traits, or 
characteristics that confer greater or lesser relative fitness on the individual due to their 
interaction with the environment (Schob et. al. 2013, Verwijmeren et al. 2013, Al Hayek et al. 
2015). Each functional trait can work independently within the environment, but they can also 
act synergistically or antagonistically with one another creating drastically different amplitudes 
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of change within the microenvironment, or individual level environment (Valladares et al. 2007, 
Gratani et al. 2014). An individual’s ability to ameliorate the environment is capped by the 
maximal variation achievable in its functional traits (Valladares et al. 2007, Michalet et al. 2014). 
The interactions between one plant and another can be conceptualized as a multitude of traits of 
one plant interacting with a multitude of traits on another plant (Michalet et al. 2014, Catorci et 
al. 2016). Each trait—trait interaction can produce its own positive or negative result. The net 
result of these trait-based interactions becomes observable facilitation or competition between 
two or more individuals (Madrigal-Gonzalez et al. 2012, Filazzola & Lortie 2014). In range 
predictions studies, the maximal trait variation achievable, which in turn predicts environmental 
condition restrictions, is used to predict species suitable habitat (Valladares et al. 2007, Read et 
al. 2014).  However, in real-world settings, the distribution of a species is often smaller due to 
the confounding influences of disturbance, herbivory, and dispersal ability (Strand et al. 2007, 
Guo 2014, Sexton 2016).  
The role of inter- and intraspecific interactions between plants is a major contributing 
factor to the distribution of species and their resulting abundances across landscapes (Wisz et al. 
2013, Valiente-Banuet et al. 2014, Schleuning et al. 2015). However, these interactions are not 
static and may shift through time depending on how biological interactions fluctuate alongside 
changing environmental conditions (Kikvidze et al. 2006, Miriti 2006, Maestre et al. 2009).  In 
the context of climate change, altered abiotic conditions may perturb current biological 
interactions such that the trajectory of community compositions is altered (Michalet et al. 2014, 
Soliveres et al. 2015, Kaisermann et al. 2017). Thus, a trait-based approach, in the context of 
continuous stress gradients can be used to elucidate the patterns of plant interactions. Given that 
many morphological and physiological traits are highly correlated with abiotic conditions, one 
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can utilize knowledge of how particular traits vary over different environmental conditions to 
make predictions concerning their effects on species interactions at multiple scales (Butterfield & 
Callaway 2013). 
The Stress-Gradient Hypothesis (SGH), proposed by Bertness and Callaway, provides the 
foundational ground work in predicting how plant-plant interactions may shift along gradients of 
stress (1994). The hypothesis postulates that in areas of high levels of environmental stress, the 
frequency and importance of facilitative interactions between species should increase, while 
under low levels of environmental stress the frequency and importance of competitive 
interactions in a community should increase (Bertness 1994, Madrigal-Gonzalez et al. 2012, 
Liancourt et al. 2017).  
In plant community interactions in the context of facilitation, species can be classified 
into one of two categories: (1) Benefactor, often the dominant plant species in the community; 
(2) Beneficiary species, often small and/or opportunistic species that may or may not be found in 
association with a benefactor (Schob et al. 2014). The benefactor, via its functional traits, is able 
to create a microhabitat; depending on environmental conditions this microhabitat may be 
advantageous for a beneficiary plant to grow (Paterno et al. 2016, Filazzola & Lortie 2014). The 
subtle variation between costs and inherent effect on community structure necessitate the need to 
appreciate traits as being gradients themselves where each trait can confer a facilitative and 
competitive effect, depending on its value in an environmental context (Butterfield & Callaway 
2013, Michalet et al. 2014, Reisner et al. 2015)  
 The aim of this study was to elucidate the subtleties of perennial plant-plant interactions 
and their predicted shifts utilizing observations and functional trait analyses. In order to address 
this shift, I utilized an arid mountain system in the Mojave Desert, consisting of three dominant 
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shrubs with varied morphologies and physiologies characterized by their distributions occurring 
as high-density bands of conspecifics occupying transitional zones from the desert floor to 
Pinyon pine and Juniper dominated mixed forests (Larrea tridentata, Coleogyne ramosissima, 
and Artemisia nova). The secondary goal of this study was to address if the dependency of net 
outcomes of multiple interactions between perennial plants are contingent on the climate and 
stress factors limiting benefactor performance. In context, net facilitation or more positive 
interactions, should be observed when environmental physiological detriments associated with a 
benefactor are high, such as in the extreme distributions of a benefactor where abiotic conditions 
such as water availability and frost may limit growth. In contrast, net competition or more 
negative interactions, should be observed when physiological detriments are low, such in the 
core region of a benefactor, where a benefactor may be in direct competition with another 
conspecific. Given that the functional traits and physiologic status of individual plants are 
dependent on the evolutionary history that produced them, as well as the physical constraints on 
maximal trait variation, I measured several functional traits to utilize as proxies of morphology 
and physiological status. In congruence with the Stress Gradient Hypothesis, (Bertness & 
Callaway 1994; Brooker & Callaghan 1998) I expect that across the landscape there will be a 
positive correlation of interaction intensity with decreasing water-availability and decreasing 
elevation. In this case, as biotic stress becomes less of a limiting factor the intensity of 
facilitative interactions would increase with increasing abiotic stress. Concurrently within 
species, there should be a correlation between size and interaction intensity, given no attributable 
cost to co-habitation. In contrast, a species that only experiences net negative interactions should 
have an interaction intensity positively correlated with elevation. In this instance, as more 
favorable or reduced abiotic stress would allow for more interaction due to offsetting costs of 
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resource-based competition due to increases in availability of resources, namely water-
availability in the context of arid lands. In order to develop more sophisticated predictive models 
of future plant communities, it is imperative to incorporate the underlying processes occurring in 
an ecosystem in tandem with how such a process’s net outcomes may be altered under 




Chapter 2: Materials and Methods 
Study Site 
The study was conducted in the Southern part of the Desert National Wildlife Refuge 
specifically the Sheep Range, in Southern Nevada. The specific sites selected consisted of fifteen 
areas on a single slope from the base of Corn Creek to the transition to a pinyon-juniper forest. 
The elevations of each site were: 875, 884, 893, 1175, 1462, 1462, 1571, 1680, 1800, 1800, 
1925, 2054, 2190, and 2326 meters above sea-level (m a. s. l.). These sites were selected based 
on presence and relationship to the target dominant perennial shrub species of interest; Larrea 
tridentata, Coleogyne ramosissima, and Artemisia nova (Table 1).  
 




Species Elevation(m) RII (±2 SE) 
Larrea tridentata 
 
875 -0.44 (0.24) 
884 -0.65 (0.24) 
893 0.23 (0.31) 
1175 0.12 (0.33) 
1462 0.01 (0.28) 
Coleogyne rammosissma 
1462 -0.37 (0.25) 
1571 0.3 (0.32) 
1680 -0.05 (0.21) 
1800 -0.04 (0.29) 
1925 -0.7 (0.23) 
Artemisia nova 
1800 -0.66 (0.21) 
1925 -0.71 (0.18) 
2054 -0.34 (0.29) 
2190 -0.63 (0.25) 
2326 -0.42 (0.29) 
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Larrea tridentata, also known as the creosotebush, is a native evergreen shrub of the 
Mojave Desert. Creosote’s drought tolerant ability allows it to dominate sandy valley floors 
where its lower elevation dominance is only hindered by caliche, high soil salinity concentrations 
and the lack of water. An individual can grow from approximately 1- 4m tall, depending on site 
specific conditions. The numerous thin branches develop dark green leaves with thick resins that 
aid in water retention. The root system of the Creosotebush has a shallow taproot that 
characteristically exhibits root-mediated allelopathy(Shmida & Whittaker, 1981). Larrea often 
occurs in species poor areas. Coleogyne ramosissima (blackbrush) is a native drought-deciduous, 
perennial shrub present in transitional zones between high and low deserts in the Southwestern 
U.S. It forms a densely branched thicket with small dark green leaves. A mature stand can grow 
to be about 1m in height. The root system is composed of a shallow taproot that densely occupies 
the area. Coleogyne has the ability to form monotypic stands and exhibits high levels of 
conspecific recruitment, although the presence of allelopathic tendencies that aid in conspecific 
recruitment are unknown (Kitchen et al. 2015). Artemisia nova (black sagebrush) is widely 
distributed across the western United States, occupying transitional environments between desert 
shrub land and pinyon-juniper mixed forests. Fully-grown individuals develop flat-topped 
crowns standing at approximately 1m tall. The root system is also composed of a shallow tap 
root. There are no known allelopathic tendencies within this species although it has been well 
documented within the genus (Karban 2007). Conspecific recruitment is not known to be higher 
than non-conspecific recruitment specifically in Artemisia nova.   
The altitudinal transect was placed along areas parallel to the Nevada Climate-
Ecohydrological Assessment Network (NevCAN) (Mensing et al. 2013; Johnson et al. 2016). 
The highest meteorological tower was located at 2326 m and corresponded to an average mean 
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rainfall of 33.5cm yr-1 and an average mean air temperature of 10.4°C. The lowest tower was 
located at 893m and had an average mean rain fall of 12.2cm yr-1 and an average yearly 
temperature of 18.7°C. In arid environments water is often a limiting resource, with quantity and 
timing being deterministic in morphological variation, physiological status, and community 
interactive dynamics, thus the range was selected for its strong climatic gradient corresponding 
to increasing precipitation and decreasing temperature gradient with respect to elevation (Reisner 
et al. 2015, Lord et al. 2015).  Data on precipitation, temperature, vapor pressure deficit, grow 
degree days above 4°C, and Penman ETo from 2012-2015 were extracted from four towers to 
assess the climate gradient. All representative variables have been linked to differential plant 
morphology and physiological variation (Cornelissen et al. 2003, Pérez-Harguindeguy et al. 
2013). In order to develop a proxy climate gradient, the dataset was reduced in a Principal 
component analysis (PCA). The climate gradient proxy was used to reduce the number and 
collinearity of variables. A correlation matrix was used to compensate for variables being 
measured in different units and with unequal variances. The result was a single component 
expected to summarize the climate variability between each meterologic tower. 
 
Percent cover sampling 
 30m x 30m plots were established at the lowest, core, and highest elevation areas 
occupied by each dominant species of interest. In each plot all perennial species were identified, 
percent plant cover of the Dominant Shrubs of Interest (DSI) were calculated (Table 1). These 
distributions were utilized to select the intermediate areas between the core and range ends to 
correspond with intermediate areas of stress. The core habitat for Larrea was defined as the area 
with the highest density along the transect, which occurred at 893 m corresponding with the 
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NEVCAN network’s desert shrub tower. Its lowest observed region was 875 m and the highest 
observed region was 1462 m. Although Coleogyne had its highest density at the highest part of 
its occupied region (2004 m) its lowest observed location was 1462 m so the location of the 
NEVCAN Blackbrush tower at 1680 m was selected as its core range, for utilization of the 
towers accumulated weather data. Similarly to Larrea, Artemisia had a core habitat with the 
highest density of this species (2054 m), corresponding with the NEVCAN pinyon-juniper tower. 
Its lowest observed elevation was 1800 m and the highest observed elevation was 2326 m. 
 
Relative Interaction Index  
Association patterns across the landscape between DSI and beneficiaries were used to 
infer the strength of interactions by comparing abundances of beneficiaries under a DSI to an 
adjacent interspace devoid of a DSI. 20 individuals at the same elevation (core and extreme ends 
of the ranges) were selected for spatial association interpretation. Secondary sites of 20 
individuals were also selected, located at the mid-points between the extremes and core 
locations, to represent intermediate areas of stress. The relative interaction index (RII) was used 
to quantify the intensity of interactions between the DSI and beneficiary individuals (Armas et 
al. 2004). According to Equation 1, U represents the numbered individuals present under the 
DSI, while O represent the number of perennial individuals located in a paired adjacent space 
devoid of the DSI that is the same size of the corresponding DSI’s canopy (Armas et al. 2004).  
 







The adjacent area was selected as a location 20 meters away from the DSI measured and 
a random number generator was used to select the direction. The resulting RII displays the 
intensity of interactions on an absolute value scale whereby positive integers represent net 
positive interactions or facilitation and negative integers represent negative interactions or 
competition. Values of zero represent net neutral interactions. The mean RII was calculated for 
each site and assessed with ANOVA (a = 0.05), and Tamahane’s T2 post-Hoc tests were used to 
evaluate differences in RIIs among sites (Table 1). 
 
Functional Trait Analyses 
I assessed variation in nine functional traits of three DSIs per RII site that were expected 
to either respond to changing environmental conditions along an altitudinal gradient or affect the 
degree of facilitation/competition that may occur. I used three traits as proxies of plant 
morphology: (1) height (m), (2) canopy area (m2), and (3) canopy volume (m3). Although the 
morphological functional traits are to some degree dependent on physiological status, they were 
used as measurements that would physically alter microclimate conditions (Jones 1992, Filazzola 
2014). I used six traits as proxies for physiological status of each DSI: (1) percent carbon per 
leaf, (2) percent nitrogen per leaf, (3) δ13C ratio, (4) δ15N ratio, leaf dry matter content (LDMC), 
and (6) specific leaf area, (SLA cm g-1). Percent carbon and percent nitrogen in concert can be 
used to assess sensitivity to drought-induced senescence of leaves in a variety of systems, where 
by leaves that have a high C:N ratios are more prone to drought stress in comparison to those 
with a lower C:N ratio (Chen 2015).  Both δ13C and δ15N ratios provide a measure of 
instantaneous water and nitrogen use efficiency. In accordance with the leaf economic spectrum 
the ratio of leaf surface area to mass (SLA) are constrained by costs associated with the tradeoffs 
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between water availability and carbon assimilation (Cornelissen et al. 2003, Mason & Donovan 
2015). SLA is positively correlated with resource availability and negatively correlated with 
resource-use efficiency (Wright et al. 2004, Poorter et al. 2009). Although SLA is negatively 
correlated with water and nitrogen use efficiency, it provides an axis that allow for detection of 
other nutrient based limitations outside of water and nitrogen. Canopy dimensions were 
calculated utilizing the formulas of Ludwig et al. (1975). For leaf level functional traits outer sun 
leaves from the canopy were selected and harvested for analysis in July 2016, utilizing the 
protocols of Cornelissen et al. (2003). Leaves were first weighed and then rehydrated overnight. 
Leaf surface area was measured from fifty leaves per individual and a mean was used. The same 
leaves were then oven dried at 70 °C for 48 hours, where they were then reweighed and ground. 
The fresh leaf area and ground mass were used to calculate SLA. Post measurement, the ground 
tissue was sent to Washington State University’s Stable Isotope Lab for analysis of % C, % N, 
δ13C ratios, and δ15N ratios. Initially, correlations amongst functional traits, average RII for a 
given local, and climate were assessed within and among species.  In order for the functional 
traits to be used as proxies for plant morphology and physiological status across species, I 
applied a principal component analysis (PCA) to the concatenated data set similarly to the 
climate proxy development. In consideration of the dependencies of these traits on the 
macroclimate, elevation and the climate proxy were included in the concatenated data set to 
identify trait-level variance correlated with macroclimate. The method of singular value 
decomposition, which examines the correlations amongst individuals as opposed to spectral 
decomposition which examines the correlations between variables was utilized in the PCA to 
preserve the orthonormality of the components extracted (Hair et al. 2009). I considered the 
variable loadings on each component as a scaled metric of variable importance for both 
 12 
directionality and strength. Loadings serve as a scaled metric as they are equal to the 
eigenvectors multiplied by the square root of the eigenvalues, thus making them comparable 
across components. All loadings on a particular component can be described as a linear 
combination of weights that describe an individual’s placement on that component. I reported the 
original variable correlation to the component, although it has no bearing on the component’s 
usage in further analyses. Considering the deep-phylogenetic separation between Rosacea 
(Coleogyne), Zygophyllaceae (Larrea), and Asteraceae (Artemisia) phylogenetic autocorrelation 
amongst functional traits were explicitly corrected for. In consideration of possible spatial and 
phylogenetic autocorrelation, each component serves as a non-redundant descriptor of functional 
trait space occupied by all individuals. Thus, if a particular component was dominated by factors 
related to spatial or phylogenetic autocorrelation, the remaining components can be used to parse 
trait factors influencing relative interaction. The resulting components were used as predictor 
variables in a multiple linear regression model to test the relationship between functional traits, 
climate, and variability in relative interaction intensity. Given that many of the included 
predictors may have small effects on the predicted interaction intensity, partial regression was 
conducted, where the residuals of a given model devoid of one predictor of interest were plotted 
against the residuals of a model that regressed the predictor of interest against all other predictor 
variables. The slope of the residuals plot indicates the directionality and importance of the 
contribution of the predictor variable to the model already containing other predictors (Mosteller 
& Tukey 1977, Kutner et al. 2004. Qualitative interpretation of slope directionality can provide 
insight into overarching patterns. Partial regression plots were conducted separately on the 
concatenated dataset, as well as the functional trait principal components to allow for single and 
complex trait evaluation of relative interaction prediction. All calculations and statistical 
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analyses were performed with the R software version 2.14.0 using the packages base, lme4, oslrr, 
psych (R Development Core Team 2011).  
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Chapter 3: Results 
Climate Gradient 
 Elevation was significantly correlated with all climate variables measured (p < 0.001, 
Figure 1). Elevation was only positively correlated with precipitation (r = 0.83, p < 0.001), while 
other variables had a negative correlation with elevation (p < 0.001, Figure 1). The PCA based 
on the correlation matrix of the climate data extracted a single component (climate score) 
explaining 92.8% of the total variance in the climate data set (Figure 2). The second component 
extracted explained 4.5% of the variance and was negatively correlated with precipitation (r = -
0.5, R2 = 0.24, p < 0.05). The climate score represented a clear distinction between sites 
characterized by hot, arid conditions, and colder, higher humidity conditions. Given the 
significant correlation between elevation and climate score a linear model was used to predict the 
climate score at locations which did not have a meteorological tower present (PC1, r = -0.99, R2 
= 0.97, p < 0.001, F = -493.3 1,14).  
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Figure 1. Correlations of climate data among meteorological towers (*** = p < 0.001, ** = p < 
0.01, * = p < 0.05). Colors indicate the strength and directionality of the correlation. 




Figure 2. Principal component analysis of meteorological data. Circles represent 1 standard 





Relative Interaction Index 
 Across species and locations there was net negative competition (-0.29 ± 0.04SE). Within 
species, however there was less net negative interactions observed in Larrea (-0.15 ± 0.07SE) 
and Coleogyne (-0.17 ± 0.06SE), in comparison to Artemisia (-0.55 ± 0.06SE). Artemisia was the 
only species to not exhibit net facilitation in the entirety of its recorded range. Larrea exhibited 
net positive facilitation in its core range of 893m (0.23 ± 0.16SE, Table 1). In locations 1175m 
and 1462m Larrea also exhibited average net positive interactions, although not significantly 
different from zero. Net positive facilitation was also recorded for Coleogyne at 1571m (0.3 ±  
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ANOVA F = 1.53, df = 4, 47, p = 0.21). In Coleogyne and Larrea there was a significant 
difference among climate scores in response to RII (F = 7.72, df = 4, 47, p < 0.001; F = 7.11, df 
= 4, 47, p = 0.002).  A post-hoc Tamanhane’s T2 test elucidated significant differences between 
elevation groups (p < 0.05). In Coleogyne there was a significant difference between elevations 
1462m and 1571m. All elevations were significantly different from 1571m although, elevations 
1800m and 1925m were not significantly different from 1571m. In Larrea elevation 893m was 
significantly different from elevations 875m and 884m, while elevations 1175m and 1462m were 
not different from either of the elevations. Given variation amongst RII in each species, among 
species there was a weak significant positive correlation between climate score and RII and no 
significant correlation with plant canopy size (r < 0.2, p < 0.01) (Figure 3).  
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Figure 3. Correlations of functional traits, RII, and climate for all species (*** = p < 0.001, ** = 
p < 0.01, * = p < 0.05). Colors indicate the strength and directionality of the correlation. 




Although within species, Artemisia had a weak negative correlation of RII with climate score (r 
> 0.2, p < 0.05), while Larrea had no significant correlation with RII and climate (Figure 4, 
Figure 5). In Larrea, canopy volume and area were negatively correlated with RII (r > 0.6, p < 
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0.001). However, there was no correlation between the canopy dimensions of Larrea with 
respect to elevation (Figure 4).  
 
 
Figure 4. Correlations of functional traits, RII, and climate for Larrea tridentata (*** = p < 
0.001, ** = p < 0.01, * = p < 0.05). Colors indicate the strength and directionality of the 





Figure 5. Correlations of functional traits, RII, and climate for Artemisia nova (*** = p < 0.001, 
** = p < 0.01, * = p < 0.05). Colors indicate the strength and directionality of the correlation. 




Coleogyne as well had a no significant correlation with climate score and negative correlations 
with canopy length, width, area, and volume (r > 0.5, p < 0.01). The Canopy dimensions of 
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Artemisia and Coleogyne were inverse, as canopies became larger with increasing elevation in 
Coleogyne and became smaller in Artemisia (Figure 5, Figure 6).  
 
 
Figure 6. Correlations of functional traits, RII, and climate for Coleogyne ramosissima (*** = p 
< 0.001, ** = p < 0.01, * = p < 0.05). Colors indicate the strength and directionality of the 





Correlation & Partial Regression of Functional Traits 
In all aspects of morphology, among species, canopy dimensions were highly positively 
correlated (r > 0.6, p < 0.001). For traits pertaining to physiology, Leaf δ13C, δ15N and %N were 
all positively correlated (r > 0.5, p < 0.01). Although leaf δ13C was negatively correlated with 
leaf % carbon (r > 0.4, p < 0.01), leaf percent carbon was positively correlated with leaf percent 
nitrogen (r > 0.4, p < 0.001). LDMC was weakly negatively correlated with SLA (r > 0.2, p < 
0.01) and weakly positively correlated with leaf percent carbon (r > 0.2, p < 0.01). Across 
physiology and morphology all morphological traits were positively correlated with Leaf δ13C 
and δ15N (r > 0.2, p < 0.001). Canopy area and height were positively correlated with leaf 
percent nitrogen (r > 0.5, p < 0.001) and weakly negatively correlated with SLA (r > 0.2, p < 
0.01). Elevation was strongly negatively correlated with all traits except for SLA and LDMC (r > 
0.2, p < 0.01). Elevation was positively correlated with SLA (r > 0.5, p < 0.001). Considering 
that the climate proxy and elevation are almost identically inverse, all traits were strongly 
positively correlated with the climate proxy except for SLA and LDMC (r > 0.2, p < 0.001). 
SLA was negatively correlated with the climate proxy (r > 0.8, p < 0.001) and there was no 
significant correlation between either elevation or climate proxy with LDMC.   
The model including variables: climate, δ15N, N%, δ13C, C%, LDMC, SLA, canopy 
height, area and volume; produced a low significance value of p = 0.08, while the adjustable r2 
was 0.72 (F = 4.607 10, 4). Among the variables included, only δ15N had a significant slope at p 
= 0.05. The lack of significant directional predictors prompted the usage of partial regression 
plots to assess trait-level variation after accounting variation in other traits in the model. There 
was a no observed effect of climate on RII when considering the effects of all other traits (Figure 
7).  
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In Figure 8, as observed in the global model, the δ15N leaf content had a significant 
positive effect on RII (adj. R2 = 0.64, p < 0.001, F = 26.3, df = 1,13) that was strengthened when 
accounting for the variation in climate and other traits.  
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Increases in percent nitrogen contributed a significant negative impact on RII (adj. R2 = 









 Canopy Volume provided a negative impact on RII (adj. R2 = 0.43, p< 0.01, F = 11.58, 
df = 1,13) (Figure 10).  
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In contrast, δ13C, C%, LDMC, SLA, canopy height had no observed effects on RII 
(Appendix 1).   
 
 
Principal Component & Partial Regression of Functional Traits  
The PCA based on the correlation matrix of the morphological, physiological and 
macroclimate measurements among species extracted 11 components explaining 100% of the 
variation in the correlation matrix. For all principal components variables loadings and Pearson’s 
r correlation to the original data was corrected. Considering each subsequent PC is a geometric 
 27 
transformation of the data that may not be clearly correlated with the original dataset the variable 
loadings were used to qualitatively assess variable importance on each axis in explaining 
differences in RII. Principal component 1(PC1) explained 59% of the variation in the matrix. 
PC1 loaded and was positively correlated with canopy volume (r = 0.65, loading = 0.26), area (r 
= 0.90, loading = 0.35), height (r = 0.87, loading = 0.87), LDMC (r = 0.35, loading = 0.14), δ13C  
(r = 0.87, loading = 0.34), %N (r = 0.60, loading = 0.24), δ15N (r = 0.95, loading = 0.37) and the 
climate proxy (r = 0.95, loading = 0.26) (Figure 11).. PC1 correlated and negatively loaded with 
SLA (r = -0.67, loading = -0.26), %C (r = -0.41, loading = -0.16), and elevation (r = -0.95, 
loading = -0.37) (Figure 11).  PC1 represents climate and interspecies variation (Figure 11).  
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The second principal component (PC2) explained 19% of the correlation matrix. PC2 was 
significantly correlated and loaded positively with Canopy volume(loading = -0.01, r = -0.01 ), 
area (loading = -0.19, r = -0.27), height (loading = -0.25, r = -0.36), LDMC (loading = 0.43, r = 
0.62), δ13C (loading = 0.25, r = 0.36),  δ15N (loading = -0.12, r = -0.18), %N (loading = -0.48, r 
= -0.70), and the climate proxy (loading = -0.01, r = -0.02) (Figure 12). Positive PC2 values 
















In contrast to PC 2, positive PC3 values represent small and non-efficient canopies. PC3 
negatively loaded and was correlated with canopy volume (loading = -0.59, r = -0.61), area 
(loading = -0.3, r = -0.31), height (loading = -0.19, r = -0.19), SLA (loading = -0.17, r = -0.18), 
and elevation (loading = -0.16, r = -0.16), while positively loading with LDMC (loading = 0.36, 
r = 0.38),  %C (loading = 0.41, r = 0.42),  δ13C (loading = 0.19, r = 0.2),  %N (loading = 0.31, r 

















 PC4 was not correlated and did not load with height, making this axis orthogonal to the 
height measurement or height independent. Interestingly, PC4 loaded and correlated negatively 
with canopy volume(loading = -0.47, r = -0.37), area (loading = -0.09, r = -0.07), SLA (loading 
= -0.73, r = -0.24), LDMC (loading = -0.13, r = -0.58), %C (loading = -0.32, r = -0.26), %N 
(loading = -0.04, r = -0.03), and elevation (loading = -0.14, r = -0.11); and positively with δ13C 
(loading = 0.02, r = 0.02) and the climate proxy (loading = 0.14, r = 0.11) (Figure 14). Positive 
PC4 values represent canopies with leaves that are high in carbon content with low dry matter 
















 In contrast PC 5 represents canopies with high SLA. Canopy area (loading = 0.14, r = 
0.08), SLA (loading = 0.68, r = 0.39), LDMC (loading = 0.17, r = 0.1), and the climate proxy 
(loading = 0.35, r = 0.2) loaded and were positively correlated with PC5. Inversely, elevation 
(loading = -0.35, r = -0.2),  δ15N (loading = -0.03, r = -0.02), N% (loading = -0.2, r = -0.12), 
δ13C (loading = -0.14, r = -0.08), %C (loading = -0.28, r = -0.16), canopy height (loading = -
0.02, r = -0.01), and volume (loading = -0.32, r = -0.19) negatively loaded and were correlated 
















 PC6 represents tall canopies with high water-use efficiency and bioavailable nitrogen, 
considering that PC 6 positively correlated and loaded positively with height( loading = 0.42, r = 
0.17 ), SLA (loading = 0.27, r = 0.11), LDMC (loading = 0.01, r = 0.01), δ13C (loading = 0.47, r 
= 0.19), δ15N (loading = 0.38, r = 0.15),  and elevation (loading = 0.35, r = 0.14); and negatively 
with canopy volume (loading = -0.3, r = -0.12), canopy area (loading = -0.01, r = 0), %C 
(loading = -0.05, r = -0.02), %N (loading = -0.19, r = -0.08), and the climate proxy (loading = -
0.35, r = 0.14) (Figure 16).   
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 PC7 was another example of slight independence from elevation and climate as they 
were inversely weakly loaded and correlated (loading = -0.02, 0.02; r = -0.01, 0.1) with the axis. 
PC 7 was also positively correlated and loaded with canopy area (loading = 0.07, r = 0.02), 
height (loading = 0.64, r = 0.2), LDMC (loading = 0.22, r = 0.07), %C (loading = 0.15, r = 0.04); 
and negatively with canopy volume (loading = -0.24, r = 0.01), SLA (loading = -0.32, r = -0.1), 
δ13C (loading = -0.49, r = -0.15), %N (loading = -0.29, r = -0.09),and δ15N (loading = -0.15, r = 
-0.04) (Figure 17). 
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  Positive values on the PC7 axis correspond to low nitrogen leaves with high LDMC. 
PC8 weakly and inversely loaded and correlated with elevation (loading = 0.05, r = 0.01) and 













 The strongest positive loadings on PC8 were δ15N (loading = 0.81, r = 0.18) followed by 
LDMC (loading = 0.07, r = 0.01) and canopy volume (loading = 0.03, r = 0.01), while the 
strongest positive loadings were δ13C (loading = -0.49, r = -0.11), followed by canopy height 
(loading = -0.25, r = -0.05), canopy area (loading = -0.10, r = -0.02), %N (loading = -0.10, r = -
0.02), and SLA (loading = -0.07, r = -0.01).The strong inverse loading of C and N represent a 
tradeoff between water-use efficiency and a bioavailable nitrogen stores, where more positive 
values indicate higher bioavailable nitrogen stores and negative values more water-use efficient 
individuals. PC 9 negatively loaded elevation, %N, LDMC, and canopy height; and positively 
loaded with climate (loading = 0.14, r = 0.03), δ15N (loading = 0.10, r = 0.02),  δ13C (loading = 
0.21, r = 0.04), C% (loading = 0.56, r = 0.11), SLA (loading = 0.06, r = -0.01), canopy area 
(loading = 0.30, r = 0.06) and volume (loading = 0.03, r = 0.01) (Figure 19).  
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PC 9 contrasts C:N ratio trades offs in relation to water use efficiency, canopy size and defense 
investments. Where positive values indicate canopies that are higher in carbon and negative 
values are canopies that are higher in nitrogen. PC 10 negatively loaded with elevation (loading 
= -0.22, r = -0.02), canopy area (loading = -0.78, r = -0.08), LDMC (loading = -0.13, r = -0.01), 
%N (loading = 0.07, r = 0.01) and positively loaded with climate (loading = 0.22, r = 0.02), 
canopy volume (loading = 0.33, r = 0.04) , height (loading = 0.28, r = 0.03) SLA (loading = 
0.15, r = 0.02), %C (loading = 0.13, r = 0.01), δ13C (loading = 0.08, r = 0.01), and δ15N (loading 








PC 10 represents a distinction between positive valued individuals with large canopies 
and negative loading valued individuals with small canopies. Interestingly, the only variables 
that loaded on PC 11 were climate and elevation. This component is the only case in which they 
both positively loaded (loading = 0.71, r = -0.30; loading = 0.71, r = 0.30) (Figure 21).  
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PC 11 indicates environmental dissimilarity, where the most similar or intermediate 
environments are more negative and more dissimilar environments are positive integers on this 
axis. Overall there was greater variability in effects on RII using PCA derived traits. In the global 
model, only the intercept was significant (adj. R2 = 0.82, p < 0.1, F = 6.64, df = 3,11). PCs 2, 6, 
8, 9, and 10 all had non-significant effects (p > 0.05). PC 1, 3, 4, 5, 7, and 9 all were positive 
predictors of RII, when regressed against all other PCs (Figures 11-21). PC 11 was the only 
component to negatively impact RII. 
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Chapter 4: Discussion 
 My data indicate that both individual functional traits and combinations of functional 
traits (PCs) play a role in determining RII among Larrea, Coleogyne, and Artemisia. Although 
primarily canopy morphology was been linked to facilitative effects, physiological status also 
determined the intensity of interactions found along the aridity gradient. Given the strength of 
multiple PCs as predictors of RII, my results suggest that the combination of morphology and 
physiology are significant predictors of associations between benefactor and beneficiary plants in 
this study.  
 
Interaction Intensity Shifts 
 The benefactor--beneficiary relationship between plants has also been characterized as 
the “nurse plant” effect, the phenomenon of which seedlings that establish under adults of a 
different species have an increased survivability (Franco & Nobel 1989, Tielborger and Kadmon 
1995). A large support for the evidence of this effect emanated from arid ecosystems, as a variety 
of studies indicate that the density and productivity of desert plants growing beneath the canopy 
of shrubs are greater than for conspecifics growing in the open areas between shrubs (Halvorson 
et al. 1975, Tielborger and Kadmon 1995). In context, shrubs may facilitate the development of 
understory vegetation by ameliorating a variety of physical conditions beneath their canopies. 
For example, overstory plants may shade the substrate and reduce evaporation loss or supply 
higher levels of nutrients than the surrounding open areas (Garcia-Moya and McKell 1970, 
Franco and Nobel 1989, Valiente-Banuet et al. 1991). In contrast, many plants produce 
allelopathic compounds that inhibit the growth of other plants. The concentrations of these 
compounds fluctuate based on physiological status and community dynamics (Karban 2007). 
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Consequently, these results indicate that Larrea, a species well characterized by its allelopathic 
properties, was able to provide the appropriate combination of functional traits necessary to 
improve microenvironmental conditions (Karban 2007). I suspect that the benefits of growing 
underneath Larrea, such as increased water availability, shade, and reduced wind drag, may 
outweigh the negative costs associated with growing in soil containing allelopathic compounds. 
However further study is needed to determine the effects of habitat tradeoffs between abiotic and 
biotic stressors in community settings.   
The prevalence of competition determined by negative relative interaction intensities, 
reflect the influence of stress factors in this system that negatively affect species abundance 
within and outside the DSI canopy. However, these results demonstrate that intensity of 
interaction varies with elevation. For example, all plants at the most positive interaction intensity 
were near the center of their ranges. From a surface level this is in direct opposition of the stress 
gradient hypothesis which states that in the extreme ends of the distributions, where abiotic stress 
is highest, there should be a higher interaction intensity. The major caveat to this hypothesis is 
that it does not take into account changing morphology and physiology over a stress gradient, as 
well as biotic stress. In this example, the highest interaction was at the center range which also 
had the highest density of individuals. This dichotomy of facilitation and competition allows for 
the modulation of the microenvironment by the dominant shrub, depending on its physiology and 
morphology.  
In manipulative studies the intensity of interaction between a benefactor and a beneficiary 
is often quantified by the performance of a beneficiary with or without a benefactor, via removal 
(Michalet 2014, Butterfield 2016). The frailty of this design does not take in consideration how 
the benefactor may be affected or altered by the manipulation. Similarly, in non-manipulated 
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observation studies over continuous transitional zones, the derivation of how competition or 
facilitation may be occurring between a benefactor and beneficiary cannot be attributed to simple 
presence/absence. The derivation of net competitive interactions may come from (1) an increase 
in the performance of a beneficiary in the absence of a benefactor, the result of which may be 
due to the low fitness cost of dealing with the environmental stress compared to costs associated 
with cohabitation; (2) the decrease in the performance of a beneficiary with a benefactor as a 
result of changes in the benefactor’s traits that under other conditions would be important for 
facilitation; (3) the occurrence of these two situations may not be mutually exclusive either 
(Schob et al. 2014). In contrast to many studies concerning the stress gradient hypothesis, this 
analysis was done bidirectionally (Bahousse-Pinguet et al. 2015, Noumi et al. 2016, Butterfield 
et al 2016). The higher competitive observation at both ends of the gradient may be the result of 
lack of ability of DSIs to ameliorate environmental factors affecting cohabitation (Michalet 
2014). 
Environmental stress at high elevations were characterized by low temperatures and other 
non-water availability related stresses, while resource limitations at lower elevations in the form 
of water stress may have exceeded ameliorative abilities. Although not explicitly measured, low 
temperatures at high elevations can negatively affect soil fertility by reducing primary 
productivity and decreasing decomposition rates (Korner 2003). In mid-range areas the high 
precipitation rates can help provide moisture for nitrogen fixing bacteria in the soil to produce 
more bioavailable nitrogen (Seastedt et al. 2001). Similar studies in arid systems have 
demonstrated soil nitrogen and organic matter to be highly correlated with water availability in 
arid ecosystems (Körner 2003). Potentially the limiting factors on the ends of both gradients may 
have been resource driven, denoting an increase in biotic stress in the form of competition for 
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resources. Also, in the context of this study I only considered perennial beneficiary species, as 
they provide a continual stress to a benefactor. However, stress related to annuals was not 
considered. The effect of annuals plants on perennial shrubs represent a seasonal stress, 
dependent on a multitude of time dependent abiotic inputs that may not be indicative of a 
predictive long-term stress for a long-lived perennial (Holzapfel and Mahall 2018).   
 
Functional Traits and Interactions 
In demonstrating the role of plants traits in significantly affecting community association 
over that of the macroclimate, the climate proxy was a non-significant factor signaling the 
importance of microclimate modulation for prediction of community associations. From a 
singular trait perspective, few of the functional traits measured had a direct effect on interaction 
intensity and even produced low correlations amongst traits. In opposition to Schob et al., 
canopy morphology negatively impacted interactions (2013). This discrepancy may be due to 
positive association of smaller plants based on limited resources. As canopies become larger so 
do the resources necessary to maintain them, thus increasing competition with ontogeny (Paterno 
et al. 2016). A main concept of the stress gradient hypothesis is that the DSI is posited to 
ameliorate the environment while although smaller canopies provide less shade, there is a 
tradeoff of reduced necessary resources to maintain a positive association.  
Percent nitrogen per leaf also negatively impacted interaction intensity. This is potentially 
another resource limiting feature, where high elevations have lower available soil nitrogen 
reducing overall allocation to leaves. As well, Lorraine et al. (2016) demonstrated that increases 
in leaf nitrogen are correlated increases in photosynthetic capacity. Thus, reduced nitrogen levels 
may be a signal of multiple levels of unmeasured resource limitations. The effect of δ15N on 
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interaction provides a potential indicator of resource driven interactions, such that higher 
amounts of bioavailable nitrogen allow for increases in cohabitation by providing nutrients for 
opportunistic beneficiaries (Giambalvo et al. 2010). Interestingly, δ13C did not have an impact on 
RII; Butterfield et al. (2013) found that in water limited areas the stress gradient hypothesis was 
unfounded, with reasoning due primarily to lack of water availability. However, as δ13C is a 
proxy for instantaneous water use efficiency, one would expect that small changes in efficiency 
should alter interaction intensity. However, this relationship was not found in the leaves sampled. 
It remains that soil water availability under canopies may be a better predictor of association, 
potentially as δ13C values as an proxy of instantaneous water-use efficiency can be obscured by 
carbon stored by the plant(Marshall et al., 2012).  
Secondly, I attempted to identify combinations of functional traits that impacted RII. 
Apart from singular traits, it remains that trait ‘syndromes’ manifested as a shift in interactions. 
From a general thematic standpoint, plants that had a large or small canopy which provided low 
nutritional value in their leaves, while maintaining resource efficient leaves with abundant 
bioavailable nitrogen, provided positive interaction potential. These ‘syndromes’ are at the basis 
of several ‘nurse plant’ related observations and theories (Soliveres et al. 2014, Schob 2014, 
Liancourt et al. 2017). The further examination of trait ‘syndromes’ may provide useful 
information for restoration ecologists and land managers to prioritize phenotypes as inclusion 
criteria for selection of populations or genotypes for transplantation efforts.  
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Chapter 5: Conclusions 
This study demonstrated that observed net effects, be it facilitation or competition, result 
from net interactions of multiple functional traits in combination. The predominance of 
competition over facilitation in plant-plant interactions observed may not be intrinsic but depend 
on microclimate ameliorative ability. Lack of examples observing positive interactions may have 
been missed based on the choice of ameliorative traits, or due to the heterogeneity of the 
environment. As interactions are complex networks of effects which vary over time, this study 
demonstrates for desert shrubs, interactions may not be driven specifically by macroclimate but 
by microclimate conditions. Rather, over time as the macroclimate continues to fluctuate, above 
and beyond ameliorative ability, these interactions may shift from facilitative to competitive. 
Inadvertently, understanding patterns of plant interactions and trait characteristics are critical to 
develop a mechanistic understanding of plant interactions. A mechanistic understanding of plant 
interactions provides an assessment of the status quo of community dynamics, which is critical 





Appendix 1: Partial Regression Plots of Non-
significant Singular Traits 
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